This papcr presenls thc cxpcrimental and theoretical resulls for expanding methane and cthylcnc diffusion flamcs in microgravity. A small porous sphcrc made from a low-density and low-heat-capacity insulating material was used to uniformly supply fucl at a constant rate to the expanding diffusion flamc. A thcorctical model which includes soot and gas radiation is formulated but only the problem pertaining to the transient expansion of the flame is solvcd by assuming constant prcssure infinitely fast onc-step idcal gas rcaction and unity Lewis number. This is a first step toward quantifying the effect of soot and gas radiation on thcsc flames. Thc theoretically calculatcd cxpansion ratc is in good agreement with the e'xpcrimcnlal rcsulls. Both experimental and thcorctlcal rcsulls show that as the flamc radius increases, the namc cxpansion proccss becomcs diffusion controlled and the flainc radius grows as dt.
Introduction
The absence of buoyancy-induced flows in a microgravity environment and thc rcsulting increase in the reactant residence timc significantly altcrs the fundamentals of many combustion proccsscs. Substantial differences betwccn normal gravity and microgravity flames have been reported during droplct combustion [l] , h v n g h l a 1YYd b y ihc hmcncrn lmt~tutc or hcronauacs and Astronautics. hc. No copyright is asrencd in lhhe Uilited States undcr Title 17, U.S. Code. Toc U.S. Government has a royalty-free license io exerdsc all rights undcr lhc copyrighi claimed hemin for government purposes. AU othcr rights arc reserved by the copyright owncr.
v flame spread over soIids [2, 3] , candle flames[4] and others.
These differences are more basic than just in the visible flame shape.
Longer residence time and higher concentration of combustion products create a thermochemical environment which changes the flame chemistry. Processes such as soot formation and oxidation and ensuing flame radiation, which are often ignorcd under normal gravity, become very important and sometimes controlling. As an example, consider the droplet burning problem. The visible flame shape is spherical under microgravity versus a teardrop shape under normal gravity. Since most models of droplet combustion utilize spherical symmetry, excellent agreement with experiments is anticipated. However, microgravity experiments show that a soot shell is formed between the flame and the evaporating droplet of a sooty fucl[l] . This soot shell alters the heat and mass transfer betwccn the droplet and its flamc resulting in significant changes in the burning rate and the propensity for flame extinction. This change in the nature of the process seems to have occurred because of two reasons: (i) The soot formed could not be swept out of the flame due to the absence of buoyant flows. Instead, it was forced to go through the high temperature reaction zone increasing the radiative heat losses, and (ii) soot formation was enhanced due to an increase in the reactant residence time.
Recently, some very interesting observations of candle flames under various atmospheres in microgravity have been reported [4] . It was found that for the same atmosphere, the burning rate per unit wick surface area and the flame temperature were considerably reduced in microgravity as compared with normal gravity. Also, the flame (spherical in microgravity) was much thicker and further removed from the wick. It thus appears that the flame becomes "weaker" in microgravity due to the absence of buoyancy generated flow which serves to transport the oxidizer to the combustion zone and remove the hot combustion products from it. The buoyant flow, which may be characterized by the strain rate, assists the diffusion process to execute these essential functions for the survival of the flame. Thus, the diffusion flame is "weak" at very low strain rates and as the strain rale increases the flame is initially "strengthened" and eventually it may be "blown-out." The computed flammability boundaries [5] show that such a reversal in material flammability occurs at strain rates around 5 sec.'. Model calculations for a zero strain rate 1-D diffusion flame show that even gas radiation is sufficient to extinguish the flame[6].
The above observations suggest that flame radiation will substantially influence diffusion flames under microgravity conditions, particularly the conditions at extinction. This is because, flame radiation at very low or zero strain rates is enhanced due to: (i) high concentration of combustion products in the flame zone which increases the gas radiation, and (ii) low strain rates provide sufficient residence tiinc for substantial amounls of soot to form which is usually responsible for most of the radiative heat loss. It is anticipated that this radiative heat loss may extinguish the already "weak" diffusion flame.
To investigate the possibility of radiation-induced extinction limits under microgravity conditions, spherical geometry is chosen. This is convenient for both experiments and theoretical modeling, In this work, a porous spherical burner is used to produce spherical diffusion flames in pg. Experiments conducted with this burner on methane (less sooty) and ethylene (sooty) diffusion flames are described in the next section. A general theoretical model for transient radiative diffusion flames is then formulated and calculations are presented for the transient expansion of the spherical diffusion flame. These calculations are compared with he experimenlal measuremenls in the discussion section.
This work is the first necessary step toward investigating radiative-cxtinction of spherical diffusion flames.
Exwrimcntal Apparatus and Results
The pg experiments were conducted in the 2.2 sec drop tower at the NASA Lewis Research Center. The experimenlal drop-rig used is schematically shown in Color Plate 1. It consists of a test chamber, burner, igniter, gas cylinder, solenoid valve, camera, computer and batteries to power h e computcr and the solenoid valves. The spherical burner (1.9 cm in diameter) is constructed from a low density and low heat capacity porous ceramic material. A 150 cc gas cylinder at approximately 46.5 psig is used to supply the fuel to the porous spherical burner. Typical gas flow rates used were in the range of 3-15 cm3/s. Flow rates to the burner are controlled by a needle valve and a gas solenoid valve is used to open and close the gas line to the burner upon computer command. An igniter is used to establish a diffusion flame. After ignition the igniter is quickly retracted from the burner and secured in a catching mechanism by a computer-controlled rotary solenoid.
This was necessary for two reasons (i) The igniter provides a heat sink and will quench the flame (ii) Upon impact with the ground (after 2.2 sec) the vibrating igniter may damage the porous burner.
As shown in the Color Plate 1, the test chamber has a 5" diameter Lexan window which enables the camera to photograph the spherical diffusion flame. The flame growth can be recorded either by a 16mm color movie camera or by a color CCD camera which is connected IO a video recorder by a fiber-optic cable during the drop. Since the fuel flow may change with time, it had to be calibrated for various settings of the needle valve for both methane and ethylene. A soap bubble flow meter was used to calibrate the flow for various constant gas cylinder pressures. In Figure 1 , the letrers "M" and " E represent methane and ethylene respectively and the letters " L , "M" and "H" represent low, medium and high flow rates.
Thus, MM implies medium flow rate. of methane. Note that low flow rate for methane is nearly equal to the medium flow rate of ehylene. For these experiments, the gas velocity at the burner wall was 0.25-1 cm/sec. Schematic of the microgravity spherical diffusion flame appamtw
Picture of
The porous spherical burner produced a nearly spherical diffusion flame in microgravity. Some observed disturbances are attributed to slow large-scale air motion insidc the test chamber. Several microgravity experiments were performed under ambient pressure and oxygen concentration conditions for different flow rates of methane and ethylene (as shown in Fig. 1 ). Methane was chosen to represent a non-sooty fuel and ethylene was chosen to represent a moderately sooty fuel. In these experiments, ignition was always initiated in 1-g just prior to the drop. The package was typically dropped within one second after ignition. The primary reason for not igniting in pg was the loss of time in heating the igniter wire and in stabilizing the flamc after the initial ignition disturbances. Some photographs from these experiments are shown in the Color Plate 2.
The flame radius measured from such photographs along with the model predictions (to be discussed later) arc shown in Fig. 2 . As expected, for the same flow rates it was found that ethylene flames were much soolier and smaller. Immediately aftcr dropping the package, the flame shape changed from a tcardrop shape (see Color Plate 2) to a spherical shape (although it was not always completely spherical, probably because of slow large-scale air motion persisting inside the test chamber). The photographs shown in the Color Plate 2 are for medium flow rates of methane and low flow rates of ethylene. For the data presented in Fig. 2 , an average flame radius determined from the photographs was used.
It is interesting to note that for both methane and ethylene (sce the progrcssive flame growth in Color Plate 2), initially and in I-g (c.g. photographs 'c' & 'f') the flame is nearly blue (non-sooty) but becomes bright yellow (sooty) immediately aftcr the onset of pg conditions. Later, as the pg time progresses, the flame grows in size and bccomcs orange and less luminous and the soot seems to disappear. A possible explanation for this observed bchavior is suggested by the theorctical calculations of Ref. 6. .The soot volume fraction frst quickly increascs and later decreases as the local conccnuation of combustion products increases. Essentially, further soot formation is inhibited by the increase in the local concentration of the combustion products [Rer.7,81 and soot oxidation is enhanced. Thus, at the onsct of pg conditions, initially a lot of soot is formed in the vicinity of thc flame front (the outer faint blue envelope) resulling in bright yellow emission. As the flame grows, several events reduce the flame luminosity: (i) The soot is pushed toward cooler regions by thermophoresis. In fact, for sootier fuels this leads to the formation of a soot shcll. (ii) Thc high concentration of combustion products Icft behind by the flame front inhibits soot formation and promotes scot oxidation. To a good approximation this may be considered as the flame front location. Thus, as a first step, it will be interesting and important to determine if the uansient expansion of the pg spherical diffusion flame can be theoretically predicted without considering scat formation and oxidation kinetics and flame radiation.
Model Formulation
As noted above, the spherical diffusion flames are expanding and changing their luminosity with time. Thus, the general theoretical formulation must be transient and must include flame radiation. For the simplest case of conslant pressure ideal gas reactions with k = I , we may write the following governing equations for any METHANE FLAME, FUEL PLOW RATE 8 cm3/sec ETHYLENE FLAME, FUEL PLOW RATE 3 cm3/sec COLOR PLATE 2 geometrical configuration (spherical or counterflow geometry):
Energy Conservation:
Constant Pressure Ideal Gas: (3) p T = p, T, or p h = conxi. 
Fuel Conservation:
These two equations along with the ideal gas law at constant pressure, Equ. The corresponding initial and boundary conditions for a sphere of radius 'R' blowing fuel gases at a rate M(2)are discussed below and illustrated in Figure 3 . 
Forr)(t) c r c m:
In thc derivation of Equ. 
IV Solution
Before discussing the solution procedure, let us examine the porous sphere used in the experiments. This sphere is quite small (19 m m dia.) and is constructed from a high porosity, low density and low heat capacity insulating material. Thus, its capacity to store heat and mass is negligible compared to the fuel injection rate which is injected inside the sphere (see Fig. 3) . Hence ) , Surprisingly, thc mass flow ratc at any location r < rl is found to be equal to thc mass injcction ratc ( i t . 4rr pvr2 & ( l ) ) . This implics that a similarity exists in the normalized coordlnate r/r,(t) in the region r c rdt).
The dcnsity profiles in this region (Fig. 5) 
VI Conclusions
In this work, experimental and theoretical results for expanding methane and ethylene diffusion flames in microgravity are presented. A small porous sphere made from a low-density and low-heat-capacity insulating material was used IO uniformly supply fuel at a constant rate to the expanding diffusion flame. A theoretical model which includes soot and gas radiation is formulated but only the problem pertaining to the transient expansion of the flame is solved by assuming constant pressure infinitely fast one-step ideal gas reaction and unity Lewis number. This is a first step toward quantifying the effect of soot and gas radiation on these flames. The theoretically calculated expansion rate is in good agreement with the experimental results.
Both experimental and theoretical results show that as the flame radius increases, the flame expansion process becomes diffusion controlled and the flame radius grows as dt.
Thcoretical calculations also show that for a constant fuel mass injection rate a quasi-steady state is developed in the rcgion surrounded by the flamc and the mass flow rate at any location inside this region equals the mass injection rate.
